A concentric-cylinder flow-birefringence instrument is used to generate sufficient shear fields to break T2 DNA (M = 1.2 x 10 8 ) and E. coli DNA (M = 2.5 x 10 9 ) in dilute solution. Breakage is monitored in situ by measuring the change in birefringence relaxation after the flow has been stopped. The breakage of T2 DNA follows first-order kinetics. Rate constants are obtained as functions of shear rate and viscosity (varied by adding glycerol). The data are fitted by a modified Arrhenius equation, assuming that stess increases the rate by lowering the activation energy. The rate increases with temperature, pH, and water concentration, and appears to be a base-catalyzed hydrolysis of the phosphate-ester linkage. La 3+ ions catalyze the reaction. E. coli DNA was reduced to half molecules at a shear stress of 0.4 dynes/cm 2 , which is about 2500 times less than that required for T2. The difference in rates is accounted for in part by the difference in size of the two, but may also reflect the presence of many single-strand nicks in the ooli DNA.
I. INTRODUCTION
The sensitivity of DNA to degradation when its solutions are stirred is a property that must be taken into consideration in all work with the material.
The molecular basis of this phenomenon, with DNA as well as with other chain molecules where its appearance is less dramatic, has been studied by many workers; lack of space forbids a complete survey, but an example of recent work is that of Bowman and Davidson on X-DNA in intermittent capillary flow. In any case, the mechanism has certainly not yet been fully elucidated.
We have developed an experimental set-up which allowed for the first time studies of the degradation of DNA solutions in steady, nearly uniform, laminar flow. The results are described in this report; they are in some ways different from, and more understandable than, those found under other flow conditions.
For these measurements we employed a modified concentric-cylinder flowbirefringence machine. The DNA solution could be sheared when the outer cylinder was rotated at high speed, and the resulting effects on the molecular weight could be detected by the change in the rate of relaxation of the birefringence after the rotation was stopped, following the method of Thompson and Gill.
The longest relaxation time, x^, is convenient to measure, and is ' 1513 Information Retrieval Limited 1 Falconberg Court London W1V5FG England theoretically related to molecular weight and viscosity by the formula where a is a constant, M is the molecular weight, n the solvent viscosity,
[n] the intrinsic viscosity of the DNA, and R and T have their usual meanings.
Thompson and Gill showed that this relation was valid for T2 DNA. Callis and 7 8
Davidson and Klotz and Zimm, using related methods, showed that equation I.I
held for DNA over a range of molecular weights. Measurement of x thus leads immediately to a molecular weight; the accompanying measurement of the amplitude of the component of the birefringence relaxing with time-constant x.
gives the amount of material of this size.
By alternately shearing the solution for a measured time at high speed and then measuring the amount of material of given size by birefringence relaxation after shearing at low speed, it was possible to follow the kinetics of the degradation without removing the sample from the instrument.
II. INSTRUMENTATION
The instrument, as it was modified for use in these experiments, consists essentially of three parts: (1) the mechanical rotor, stator and drive system illustrated in figure II.1, (2) the optical system used to detect the birefringence signal, also illustrated in figure II.1, and (3) the electronics used to process the signal and yield an output to the recorder. This signal processing is schematically illustrated in figure II.2.
The mechanical system is a Rao "flow birefringence viscometer." The sample is contained between an inner cylinder which is held stationary and an outer cylinder which is mounted in a thermostated bearing race and rotated by means of a variable-speed electric motor. A glass window is mounted on the bottom of the rotor through which light can pass. Another window, which has a hole through which the stator is suspended, is mounted on the top of the rotor. The cylinders themselves are machined from black Teflon or Delrin.
The annular gap is much smaller than the radius of the cylinders so that the flow approximates parallel plate flow to a very good degree (see figure II.1 for exact dimensions). The shear rate can be readily calculated as the linear velocity of the rotor divided by the annular gap width. The maximum rotor rotation rate obtainable is about 22 revolutions per second and, using the chamber with the smallest annular gap, corresponds to a shear rate of about 5000 sec .
The optical system is a modification of that described by Zimm and modified by Thompson and focused onto a pinkole giving essentially a point source of light. The light passing through the pinhole is then collimated by another lens forming a shaft of light traveling parallel to, and coaxial with, the sample chamber. The light passing through the annulus of the chamber is first linearly polarized by placing a polarizer between the collimator lens and the sample chamber.
Upon emerging from the sample chamber the light passes first through a quarter-wave plate, with its slow axis set parallel to the polarizer axis, and then through an analyzer with its axis crossed with that of the polarizer by some angle B (see figure II.1 ). An analysis of this optical system is given by Thompson and Gill and will be presented here in somewhat different form.
Referring to Thompson and Gill, the transmission of light per unit area of the annulus is given by
where $ is the retardation angle in radians of the birafringent solution contained in the annulus of the sample chamber, B is the angle between the axis of the polarizer and that of the analyzer, and y is the angle that the slow axis of the solution makes with the polarizer axis. Since the retardation angle & is always small in our experiments, the last term of the above expression is negligible and can be ignored in the ensuing analysis. Referring to figure II.1, it can be seen that
where 6 is the angular position along the annulus and x is tne extinction angle which is the smaller angle that the principle optic axes make with the stream lines. Substituting this into the transmission expression yields
It can be seen that the transmission is made up of a term which is constant around the annulus and a second sinusoidal term with an amplitude proportional to the birefringence of the sample and a periodicity of 180° about the annulus. Therefore with the onset of birefringence the intensity of light transmitted through the analyzer increases over two opposing 90° sectors of the annulus and decreases over the other two.
Since the change in transmission corresponding to a change in 6 is essentially zero when averaged over the whole annulus (being the integral of a sine function over two periods) it is necessary to separate the signal of the two positive-going sectors from that of the two negative-going sectors. To achieve this a lens (the proximal lens) with two opposite 90° sectors cut away is placed above the analyzer so that the light from two of the sectors-say the positive-going two-are intercepted by it and focused onto a photodetector while the light from the other two negative-going sectors passes by. The light from these latter two impinges on a second (distal) lens, placed above the first, which in turn focuses it onto a second photodetector. As is evident from equation II.3, the extinction angle x, which is characteristic of the particular system being investigated, must first be determined in order to place the analyzing lens in the appropriate angular position.
Suppose that, in the absence of birefringence, the intensity of light from the positive-going quadrants is I and that from the negative-going quadrants is I_. phage DNA, under similar low salt conditions and having 30 to 40% single-strand breaks, has an intrinsic viscosity 1.5 times that of the double-stranded DNA in a neutral buffer containing 0.2 M Na . Since we find the same ratio, we feel that our single-strand breakage, was also in the range of about 30 to 40%>
To prepare solutions for the breakage experiment, an aliquot was withdrawn from the stock, solution and added to a solvent mixture of appropriate composition for the experiment being run. The total sample, which usually had a volume of 25 to 30 ml, was contained in a 400 ml beaker, thereby spreading the sample into a relatively thin layer to enhance the rate of diffusion. The sample was tilted and gently rotated at about .3 rev/sec followed by a period of a few hours in which diffusion was allowed to take place. This was repeated several times until the sample was totally mixed. Alternatively, it was found that gentle swirling of the sample enhanced mixing in a shorter time without causing any apparent damage, even at the highest viscosity and pH conditions. The sample was swirled at about one revolution per second for about three to four seconds. The solution was then drawn into a disposable, polypropylene syringe which had been drilled out and fitted with a length of Teflon tubing (i.d. = 2.5 mm). The solution was then pumped into the instrument at a rate such that the maximum shear rate was less than 10 sec . The sample was allowed to equilibrate thermally for a number of hours, and the experiment was then run. To alter the pH of the lysate the dialysis bag was removed from the 50°w ater bath at the end of the digestion period and, after cooling, was immersed in an equivalent buffer of the desired pH for about 24 hours. The external buffer was changed several times during this period, at the end of which the sample was pumped into the instrument. The actual pH of the solution was always measured at the conclusion of the experiment.
The dialysis bag was attached to a piece of Teflon drilled out and machined to fit the filling hole of the instrument. The Teflon piece was fitted into a rubber stopper so that the dialysis bag could be sealed into a test tube designed for pumping the solution. This tube was fitted with a piece of glass tubing such that buffer could be pumped in or out of the interstitial space between the wall of the tube and the dialysis bag, thus col-lapsing or inflating it. In this way, by pumping buffer in while the device was inserted into the filling hole of the sample chamber, the DNA solution could be forced out of the bag and into the instrument at a controlled pumping rate.
An alternate device was made of a 20 cc disposable polypropylene syringe drilled out and fitted with a piece of 2.5 nm i.d. Teflon tubing. The lysis components were combined in the syringe, and, with the tubing plugged, the syringe barrel was immersed in the 50° water bath to allow digestion to take place. This apparatus was used in the experiments where the viscosity was increased by adding glycerol. The glycerol could be drawn into the syringe at the end of the digestion period and would underlie the DNA solution. The syringe would then be laid on its side and diffusion allowed to take place at room temperature (_a process that took eight to ten days to complete!). Finally, the syringe was placed in a syringe pump, and, inserting the tubing into the filling hole of the chamber, the solution was pumped in.
The pumping rate for all E. coli solutions was such that the maximum shear rate was kept below 1 sec
C. Molecular Weight Determination by Relaxation Techniques.
In an experiment to determine molecular weight, the rotor was turned at a low shear rate C5 sec for T2 DNA and 1 sec for E. coli DNA) until a steady-state signal was reached. The shear was then abruptly halted, and the birefringence signal was observed to relax back to zero in an exponential fashion. The experiment would be allowed to continue until a linear baseline had been well established on the strip chart. The baseline was then extrapolated back to the time of shear stoppage (t=0) and the height of points along the curve was measured from the extrapolated baseline and replotted on semilogarithmic graph paper.
There was ordinarily a fast-relaxing initial component corresponding to breakage products in the solution and faster relaxation modes of the whole molecules, but these died out much more rapidly than the principle relaxation D. Breakage Rate Determination. For breakage experiments the solution, after equilibrating thermally, was sheared at the low speed setting used for relaxation experiments, as described above, and the initial values for I\ and the relaxation time, T_, were obtained. The sample was next sheared for a measured time interval at a rate sufficient to cause breakage. After the birefringence had disappeared, a low-speed run was made to again determine the concentration of whole molecules. This process was repeated until the wholemolecule concentration had been reduced sufficiently to obtain a satisfactory curve of concentration versus time of shear. The relaxation data were then plotted as described above, and the value of r.. was obtained for each run.
The rate constant of the breakage could next be calculated. If the reaction is assumed to be first order, then c(t) , the whole-molecule concentration at time t, is given by
where c. is the whole-molecule concentration at t=0, k is the rate constant, and t is the time of shearing. Since c is proportional to r in the relaxation experiments, the values for r can be plotted versus time of shear on a semilogarithmic plot. This plot will be linear for a first order reaction and the negative of the slope will be equal to k. Figure III .l illustrates treatment of the data from a typical experiment in this manner. For experiments using T2 DNA, it was found that the data fit a curve of this type very well.
Experiments using E. aoli DNA were fraught with more complications, and the breakage data obtained from them was treated in a somewhat different fashion.
In an experiment using E. aoli DNA, the sample would be sheared at a low rate to obtain an initial relaxation time. It would then be sheared at a relatively high rate for a fixed increment of time-usually one minute. A slow run would again be made and the relaxation time noted, followed by a highspeed run using a shear rate which was increased over that of the last high- A new, concentration-independent variable, T Q , is introduced which is defined as follows:
Here c is the DNA concentration in yg/ml and the factor 0.0144 is the slope of the line in figure IV.2. There is a possibility that T might be affected by pH, but a plot of T Q versus pH for all experiments run in this study on T2 DNA showed that the pH had no perceptible effect on the relaxation time.
As can be seen in figure IV 
5.5
That the relaxation time does give a measure of the molecular weight can be demonstrated by comparing the value of T.. for whole molecules of T2 DNA with that obtained from a solution of once-broken, half molecules (Table   IV. The experimentally determined ratio from the data in Table IV .2 is 2.5; the agreement seems reasonable, considering that the broken sample probably is not perfectly homogeneous.
B. T2 DNA. Shear Degradation. If the DNA breakage mechanism is a thermal reaction, we would expect the rate constant to be related to the shear stress in a logarithmic fashion such that In k = nG (IV. 7) since the activation energy E would be reduced by an amount fnGr where / is a constant dependent on molecular dimensions, conformation, etc., and T is the distance along the reaction coordinate that the tensile force is exerted over.
Further details and discussion of this proposed mechanism are give in the next section.
The results of breakage experiments at various shear rates and viscosities are given in Table IV. 3. To check the relationship between k and shear stress we first plot G versus In k from these data. The viscosity r\, as well as all other variables, is hald constant for each plot, and the results are illustrated in figure IV.3. It can be seen that, while the rate is proportional to G, as suggested by equation IV.7, it increases much more slowly with n than would be expected. It is however true that when the viscosity is changed by adding glycerol, the water concentration also varies. It occurred to us that the water activity may affect the reaction rate, which is not unreasonable, since the hydrolysis of an ester involves the uptake of a molecule of water.
Therefore, an experiment was run where the glycerol concentration was kept at 50%, but the water was partly replaced by ethanol. Since ethanol has a viscosity very close to that of water, its effect is to decrease the water activity without significantly increasing the solvent viscosity. The results are also shown in Table IV .3 along with the control experiment which contained no ethanol. The relaxation time seems to indicate that the DNA conformation has not been grossly affected, and a melting curve showed the DNA to still be double-stranded at the temperature and pH used in the breakage experiments. where x is the water concentration in per cent and k x is the observed breakage rate. The quantity k _ is the breakage rate that would be observed at the same viscosity but at a water concentration of 50%. These values are also given in Table IV .3 for each experiment.
Even the values of k when plotted versus nG, the shear stress, did not fall on one eurve. However, when each value of k was multiplied by the associated viscosity, a single curve could be fitted to the data ( figure IV.4 ). 
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This implies an equation of the type
In (nk) = F(nG), (IV.9)
where F(nG) is some mildly non-linear function. The significance of this will be discussed in the next section.
In these experiments, data has been compared for solutions covering a concentration ranging from 1 to 15 ug/ml. In contrast to the previous work, where a marked reciprocal relationship between concentration and breakage was reported, we observed no such correlation. In comparing data in these experiments, therefore, the concentration is not considered, although in experiments where DNA concentration was not being purposely varied, the concentration was usually between 5 and 8 ug/ml, since a birefringence signal of convenient amplitude was obtained in this range.
If the breakage mechanism is a hydrolysis reaction, it is likely to be catalyzed by acid or base. To test this possibility, we performed breakage experiments on samples of varied pH but of otherwise identical viscosity, salt concentration, and temperature CTable IV. 4). Although there was no evidence that the molecular conformation had changed in any way, as was pointed out in the previous section, the breakage rate increased as the pH was raised from 7.0 to 11.5. Under the experimental conditions used the DNA appeared to either melt or precipitate at a pH of about 4.5; therefore we did not study the breakage rate below a pH of 5.3. 
4.2
Another test of the reaction mechanism is the breakage behavior of the molecules in the presence of metal ions known to catalyze the hydrolysis ofphosphate esters. The effects of both lanthanum III and calcium II were studied, using a Tris buffer and no EDTA, and the results are shown in Table   IV .5 along with those from the control experiments with the same buffer but 3+ no added metal ions. The presence of 50 uM La ion increased the rate of 2+ breakage dramatically, while the same concentration of Ca ion had no discernible effect at a pH of 7.5. The data in Table IV .4 also show the effect of temperature on the breakage rate. In every case the rate increases as the temperature is raised.
C. E. coli DNA. The results of the relaxation experiments are given in Table IV. 6. There appeared to be much more polydispersity of molecular size Shear rate at which degradation became apparent.
The viscosity was raised by adding glycerol to the digested lysate.
From Table IV .6 it can be seen that the relaxation time tends to increase with solvent viscosity as is predicted by equation 1.2. The concentration dependence of T is also shown in Table IV .6. The apparent decrease in relaxation time when the concentration is reduced is expected.
The breakage data are also given in Table IV The factor A is often referred to as the frequency factor, since it may be thought of as the frequency with which the reactants happen into a configuration in which reaction can occur. If this frequency is diffusiondependent, and therefore inversely proportional to n, the existence of such dependence as we found in these experiments would be explained. Alternatively, we must consider that the DNA molecules tumble in the flow at a rate which might contribute to the frequency factor, since the molecules may rupture only when tumbling brings them into the right configuration. The rate of tumbling 18 of macroscopic fibers in laminar flow was studied by Forgacs and Mason.
They found that the rate of tumbling, as measured by the reciprocal of the time needed to revolve 360°, was nearly proportional to the shear rate, G. B. The Mechanism. We assume that the chemical mechanism of breakage is a phosphate-ester hydrolysis,(Richards and Boyer ). The experiments on water activity, pH and multivalent cations bear directly on this question.
Assuming that
The dependence of rate on pH is shown in figure V.2; it is apparent that the reaction rate is enhanced by hydroxyl ions and possibly by hydronium ions as well. This is reasonably compelling evidence for a base-catalyzed (and perhaps acid-catalyzed) ester hydrolysis. The water-activity experiment also seems to support this type of mechanism, although the results are somewhat tentative since the experiment was run only at one ethanol concentration and only at neutral pH. The participation of water and hydroxyl ions suggests to us a mechanism wherein a hydroxyl ion attacks the phosphorus, forming a pentacoordinate intermediate. A nearby water molecule transfers a proton to the leaving group in a concerted manner as it comes off the phosphorus. (Glycerol or ethanol might function as proton donors in such a mechanism, but the concentration of available protons in glycerol is low compared to water, while ethanol is a much weaker acid.) It can be seen that the above reaction scheme involves acyl cleavage, however,
•19 which, according to Richards and Boyer, occurs about 10% of the time in a sonic degradation experiment. They do report that this fraction increases for alkaline degradation, but it is still not the major reaction, which is alkyl cleavage.
339
A mechanism for alkyl cleavage would probably involve an initial, spontaneous scission of the C-0 bond. The carbonium ion would then react with a molecule of water which would, in turn, lose a proton to a nearby hydroxyl ion.
The multivalent cation experiments also lend credence to the proposed mechanism. As was pointed out in chapter I, La hydrolysis of polynucleotides 3+ ions are known to catalyze
The effect is greatest on RNA, and a mechan-20 ism has been proposed by Butcher and Westheimer involving coordination of the 2' hydroxy group. This coordination is of course not possible in the case of DNA. Nonetheless, the catalytic effect observed in our experiments 34* was considerable-the addition of 50 uM/ml La to a neutral solution being more effective than a change of pH to 11.5. The lanthanum ion probably coordinates a hydroxyl ion and a water molecule as well as the phosphate ester.
This might hold two or three of the necessary reactants in close proximity.
At higher pH the rate enhancement is not as pronounced. This can possibly be 2+ explained by assuming that La (OH) is the predominant species at neutral pH, and, furthermore, is the reactive form. At high pH, the predominant species would most likely be La(OH) o , and the concentration of effective catalyst 2+ would thereby be reduced. Ca is reported to have a pronounced effect on the hydrolysis of RNA as evidence by loss of biological activity. There has been no detailed mechanism proposed for its interaction with RNA, but our 2+ result showing no Ca activity in shear-assisted DNA hydrolysis implies that here the 2' hydroxy group may play a crucial role.
It should be mentioned that the control experiment, containing DNA, Tris buffer, but no multivalent cations, gave results identical to those obtained using the phosphate-EDTA buffer at the same pH. This indicates that at least this change in negative ions does not seem to affect the breakage rate and, perhaps more importantly, that the absence of EDTA, which is used to chelate metal ions and thus prevent nuclease activity, had no detectable detrimental effects on the DNA preparations.
It is interesting that, in the study of chemical or thermal degradation of double-stranded DNA, the shear stress may be thought of as acting as a mechanical catalyst which speeds the reaction rate to a convenient level.
C. General. As was previously stated, the molecular length and conformation affect the breakage rate through the friction factor /. Although we have no adequate thaory quantitatively relating / to these quantities, we still expect f to increase with increase of molecular length or molecular expansion. The results in Table IV .2 show the breakage rate to decrease by a factor of about 10 when the molecular weight is reduced by a factor of 2. For 22 a rigid-rod molecule, Frenkel showed that the tensile force is proportional to the square of the length. Breaking a half molecule, therefore, might be expected to require four times the shear rate needed to break whole molecules.
Referring to Table IV . 3 , we see that the shear rates required to produce the same breakage rate for whole and half molecules under identical conditions are 2500 sec and 4900 sec respectively, the ratio being 1/2. This indicates the relationship between force and the length is linear rather than quadratic. 20 This was also the result of Levinthal and Davison, as well as Bowman and 4 Davidson.
E. ooli DNA, which has a length some 20 times that of T2, is found to break at a shear stress about 2000 times lower than T2 DNA; however the differences in water concentration, viscosity, pH, etc., as well as the probability of extensive nicking in the coVi DNA, make a quantitative comparison meaningless.
The DNA conformation can be varied by lowering the Na concentration which causes the coiled molecule to expand, as is evidenced by an increase in the intrinsic viscosity. This might be thought of as an effective increase in the molecular length, thus increasing the molecules sensitivity to shear.
The results given in Table IV According to their results we should have observed a variation in breakage rate of about 20% over our concentration range. Such a variation is somewhat larger than the error in our T2 experiments, so we might have expected to detect it. Two differences in our setup compared with the others are (1) in our case the shear rate was constant throughout the sample, while in the others it was highly variable both in space and in time, and (2) in our case we used glycerol-water-salt mixtures rather than plain water plus salt as the solvent. It is not clear why either of these differences should have reduced or eliminated the concentration dependence. It is also worth mentioning that Burgi and Hershey as well as Bowman and Davidson looked for and did not find a viscosity dependence of the breakage rate such as we found. Possibly both of these discrepancies have a common origin.
B.
Conclusions. In conclusion, we find that breakage of T2 DNA in a shear field behaves as a shear-assisted hydrolysis. The breakage rate exhibits the pH and temperature dependence expected of such a reaction. In addition, the reaction rate is increased by lanthanum ions, which are known to catalyze phosphate-ester hydrolysis. To what extent these results depend on our special conditions-constant shear field and use of glycerol-water solvent mixtures-remains to be determined in further work.
